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The glass transition, a many-body system undergoes an apparent dynamic arrest with no ap-
pearance of long-range order, is one of the most challenging problems in condensed matter physics.
Recently attention has been focused on the puzzling two-step transition observed in colloidal suspen-
sions of ellipsoids. Here we experimentally observe a two-step glass transition with an orientational
glass transition preceding a translational one in monolayers of colloidal rods. In contrast to previous
studies, there is no appearance of pseudo-nematic domains that were implied to be responsible for
the two-step transition. Instead, it is found that parallel and perpendicularly packed rods form
local free energy minima in configurational space, separated by an activation barrier. This barrier
increases sharply when the first transition is approached, thereby freezing out the rotational motion
while the translational motion remains diffusive by cooperative rearrangements. We believe that the
activation barrier is the key to the two-step glass transition. This is the first time such an activation
barrier between well-defined local configurations is measured directly in a glassy system. Our find-
ings demonstrate the important role of local structures on the glass transition of anisotropic particles
and possibly provide a step forward in the quest for a structural origin of the glass transition.
Identifying origins of the glass transition remains one
of the most challenging problems in condensed matter
physics and materials science [1–4]. Inspired by the suc-
cessful identification of topological defects, edge disloca-
tions and disclinations, in the equilibrium phase transi-
tions of 2D crystallization and melting [5–7], researchers
have long searched for the structural mechanisms in the
glass transition with limited success [8, 9]. Numerous
experiments and simulations of glass-forming liquids sug-
gest the importance of the formation of local order struc-
tures, such as crystalline order [10, 11], low structural
entropy [9, 12], and locally favorable structure [13, 14].
They have been suggested to be responsible for the dy-
namics arrest associated with a glass transition. When
approaching a glass transition, local order structural cor-
relations seem to diverge, thereby slowing down the dy-
namics [11, 12, 14, 15]. Since the deciding structural
signature in glass transition remains elusive, the roles of
local order structures on the dynamics remain controver-
sial and are still actively studied [9, 16]. Past studies
of the glass transition have been focused on systems of
spheres. Currently there are growing interests in study-
ing the glass transition in systems of anisotropic par-
ticles. In the recent studies of the 2D colloidal ellip-
soid systems, it has been suggested that local structures
due to shape anisotropy may provide a mechanism for
the glass transition [17–21]. For ellipsoids with large
aspect ratio p > 2.5, it has been proposed that the
shape anisotropy induces formation of pseudo-nematic
domains in the colloidal system, resulting in a decou-
pling between translational motion and orientational mo-
tion [17]. Consequently, the ellipsoid system undergoes
an interesting two-step glass transition, it forms a glass
in orientational degrees of freedom at a lower particle
density followed by a glass transition in translational de-
grees of freedom at a higher density [17]. In the orienta-
tional glass, cooperative rearrangements in orientational
motions are prohibited, while the particles still display
collective translational motions [17]. Once the pseudo-
nematic domains disappear in systems of ellipsoids with
p < 2.5, the two glass transitions merge into a one-step
transition [18, 20, 22]. Such structural signature has been
further confirmed in attractive ellipsoids with p = 2.1,
where pseudo-nematic domains are recovered by an in-
troduction of attractive interactions, thereby leading to
a two-step glass transition [20]. These observations sug-
gest that the novel two-step glass transition is related
to the pseudo-nematic domains resulting from the parti-
cle shape anisotropy. An urgent question is whether this
mechanism is universal for the two-step glass transition,
and it is also not clear what is the physical origin for the
formation of pseudo-nematic domains.
Here we report a study of the glass transition in 2D
suspensions of colloidal rods which, like ellipsoids, also
form a colloidal matter system of anisotropic particles
that can undergo a glass transition. Our experiment is
a direct video microscopy study of 2D colloidal rods to
search for the structural origins of the glass transition
due to shape anisotropy. By measuring the translational
and rotational relaxation times, we identified two glass
transitions where an orientational glass transition occurs
at a lower areal fraction, and a translational transition
at a higher density. In the orientational glass phase, co-
operative fast-moving particles in translational degrees of
freedom are observed exhibiting heterogeneous dynamics,
while rotational fast-moving particles distribute homoge-
neously. From the probability distribution of the relative
angles between nearest neighbors, we found that the par-
allel and perpendicular local orientational configurations
are local free energy minima, i.e., they are locally fa-
ar
X
iv
:1
90
8.
10
53
8v
1 
 [c
on
d-
ma
t.s
of
t] 
 28
 A
ug
 20
19
20 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
0 . 6 5 0 . 7 0 0 . 7 5 0 . 8 00 . 0
0 . 2
0 . 4
0 . 6
1 0 0 1 0 1 1 0 2 1 0 30 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
  =  0 . 8 3
  =  0 . 4 2
   q  ( µm - 1 ) 3 . 6 5 . 4 7 . 2
F s(q
,t)
  =  0 . 4 2
  =  0 . 8 3
-1
/

   q  ( µm - 1 ) 3 . 6         5 . 4 7 . 2   
       n    6      7    9
cb
L n(t
)
t  ( s )
      n  6 7 9
  = 0.42
  = 0.83
a
0 . 0
FIG. 1. (color online) Relaxation times show a two-step glass transition. (a) Brightfield micrographs of the colloidal rod
monolayers. Only part of the field of the view is shown for clarity. Scale bar: 10 µm. (b) Fs(q, t) for different q (top panel) and
Ln(t) for different n (bottom panel) at φ = 0.42 and φ = 0.83. (c) The fitted relaxation time τ(φ) ∼ (φg − φ)−γ . γ = 1.77 and
1.83 for translational (upper panel) and orientational (lower panel) relaxation times, respectively. The τ−1/γ for translational
relaxation time is shifted by 0.4 for clarity. The scalings show there are two glass transitions: φθg = 0.78 ± 0.01 for rotational
motion and φTg = 0.82± 0.01 for translational motion (marked by the two vertical dashed lines).
vorable configurations. This observation is reminiscent
of the pseudo-nematic domains in the ellipsoid systems
[17]. We thus propose a universal mechanism for the two-
step glass transition of anisotropic shape particles: the
large activation energy barriers between these local con-
figurations hinder local rotation of anisotropic particles.
This results in a decoupling between translational mo-
tions and orientational motions, consequently leading to
a two-step glass transition.
Our colloidal rods were fabricated by stretching non-
cross-linked polystyrene (PS) spheres [23]. The length
and diameter of the rods were L = 5.1µm and D =
3.4µm (the aspect ratio p = L/D = 1.5) with poly-
dispersities of 4% and 7%, respectively. The rods were
stabilized in an aqueous suspension with 3 mM sodium
dodecyl sulfate (SDS) and they behave as moderately
hard particles [17, 24]. A tiny suspension of the rods
was confined between two glass coverslips to produce a
monolayer of the particles (Fig. 1a). The areal fraction
φ = Aρ, where A is the cross sectional area of the rod and
ρ is the particle number density. The thermal motion of
the rods was recorded by an optical microscope with a
CCD camera at 5 frames per second for low φ and 1 frame
per second for high φ. The monolayers were measured in
the range 0.4 < φ < 0.9 to cover the whole range of the
glass transition. During measurements at each φ, no drift
was observed. The center positions and orientations of
individual rods were obtained using ImageJ. The angu-
lar resolution was 1◦, and the spatial resolution was 60
nm. More experimental details are in the Supplemental
Materials.
To extract translational and rotational relaxation
times of the colloidal rods, the self-intermediate scatter-
ing function Fs(q, t) ≡
〈∑N
j=1 e
(iq·[rj(t)−rj(0)])
〉
/N
and orientation correlation function Ln(t) ≡〈∑N
j=1 cosn[θj(t)− θj(0)]
〉
/N were calculated, where
rj(t) and θj(t) are the position and orientation of rod
j at time t, N is the total number of particles, q is
the scattering vector, n is a positive integer, and <>
denotes a time average (see Supplementary Information,
Fig. S1). The relaxation time τ is defined as the time
at which Fs(q, t) and Ln(t) have decayed to 1/e [20, 25].
Note that Fs(q, t) and Ln(t) decay faster for larger value
of q and n, respectively (Fig. 1b), and different choices
of q and n can yield the same glass transition point
[17, 20].
The glass transition point φg is determined from the
scaling analysis of the mode-coupling theory (MCT)
[26]. According to MCT, the relaxation time τ di-
verges algebraically at φg: τ(φ) ∼ (φg − φ)−γ , where
γ = 1/(2a) + 1/(2b) [27]. Here a and b are exponents
in the critical-decay law Fs(q, t) = fq + hqt
−a and the
von Schweidler law Fs(q, t) = fq − hqt−b for the initial
β relaxation and the crossover time to the α relaxation,
respectively [28–30]. fq and hq are the plateau height
and amplitude. Here we obtain b from fits to Fs(q, t)
and Ln(t), and a from Ref. [31]. The result shows that
the τ−1/γ is linear in φ for different choices of q and n,
and expectedly, all the scalings show there are two glass
transitions at φθg = 0.78± 0.01 for rotational motion and
φTg = 0.82±0.01 for translational motion.Thus the orien-
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FIG. 2. (color online) Dynamical heterogeneity confirms the
existence of the orientational glass state. The four-point sus-
ceptibility, χ4 is calculated for both the translational motion
and the orientational motion, with probing spatial scale, d,
chosen to maximize χ4.(a) χ4 at φ = 0.42, with d = 0.20µm
for the translation and d = 3◦ for the orientation. (b) χ4 at
φ = 0.81, with d = 0.44µm for the translation and d = 6◦
for the orientation. (c) χ4 at φ = 0.83, with d = 0.13µm for
the translational motion and d = 2◦ for the orientational mo-
tion. Inset in (a,b,c): Fast-moving particles for translational
motion (red squares) and orientational motion (green dots).
Strong translational cooperative motion in translational de-
grees of freedom are found at φ = 0.81, indicating transla-
tional motion are not frozen and confirming the existence of
the orientational glass phase. The fast-moving particles are
defined as the particles with the 10% largest displacements
over the lag time ∆t that maximizes χ4. Scale bar: 20 µm.
tational glass transition occurs ahead of the translational
glass transition (Fig. 1c).
Using the widely accepted empirical approach to ex-
amine if the system is in an orientational glass state be-
tween φθg and φ
T
g , we measured the dynamical hetero-
geneity, at φ = 0.42, 0.81 and 0.83. The dynamical het-
erogeneity was quantified by the four-point dynamic sus-
ceptibility [32, 33]: χ4(d,∆t) = N(< Q2(d,∆t)
2 > − <
Q2(d,∆t) >
2), where N is the number of the particles,
d and ∆t are the probed spatial and time scales, and
Q2(d,∆t) = 1/N
∑N
i=1 Y (wi(∆t)). Y (wi(∆t)) = 1(0) if
wi(∆t) < (>) d; wi(∆t) is the value of angular displace-
ment or translational displacement for particle i. Here,
the spatial scale d is chosen to maximize χ4 [34]. At
φ = 0.42, the system is in the liquid phase. χ4 is small
and nearly time independent, as shown in Fig.2(a), char-
acteristic of a colloidal liquid. At φ = 0.81, the χ4 for
the translational motion displays a large peak at long
time scale, while for the orientational motion exhibits
small values without a distinct peak (Fig. 2(b)). This
suggests that the heterogeneous dynamics is strong only
in translational motion, which can be further confirmed
from the spatial distribution of fast-moving particles [4].
Translational fast-moving particles form clusters signal-
ing cooperative motions of particles while orientational
fast-moving particles are randomly distributed (inset of
Fig. 2(b)). This corresponds to the supercooled liquid
nature in translational degrees of freedom and confirms
the existence of an orientational glass phase [17, 33]. At
φ = 0.83, in the fully glassy phase, Fig.2(c), both trans-
lational and orientational χ4 are small. [17].
For the glass transition in the monolayers of ellipsoids,
it is suggested that ellipsoids with the large aspect ratios
(p > 2.5) can form pseudo-nematic domains, which leads
to the two-step glass transition [17]. In the rod systems
of this work, no pseudonematic domains were observed
for any φ. Instead, the rods tend to prefer parallel and
perpendicular local orientational configurations, which
are characterized by the angle between particle and its
nearest-neighbor orientation (∆θ). Spatial distributions
of the local orientational configuration are shown in Fig.
3(a) in a graphical representation (or a ”heat map”). A
clear observation is that with increasing packing density,
the rods are oriented relative to each other in either par-
allel or perpendicular local configurations (see blue and
red color regions). Such increased local configurations
are confirmed by the radial distribution function g(r).
With increasing φ, the first peak in g(r) splits into three
peaks. These three peaks represent two parallel local
configurations (the first peak and the third peak) and a
perpendicular local configuration (the second peak) (Fig.
3(b)). The peaks become more pronounced with increas-
ing φ, indicating the enhancements of the parallel and
perpendicular local configurations. Moreover, no long-
range or quasi-long-range ordering is observed for any φ,
characterized by a fast decay of g(r). We also confirm
that there is no orientational long-range or quasi-long-
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FIG. 3. (color online) Rods form local orientational struc-
tures. (a) The spatial distribution of the orientational con-
figuration of neighboring rods (∆θ) at φ = 0.42 (top panel)
and 0.73 (bottom panel). The color marks the value of ∆θ.
Blue and red colors represent the parallel and perpendicular
configurations, respectively. Arrows in bottom panel indicate
that particles can keep its orientation while move along the
axis of the neighboring particles. (b) The radial distribution
function g(r). For clarity, the curve has been shifted for dif-
ferent φ. The first peak and the third peak represent two
parallel configurations, and the intermediate peak represents
a perpendicular configuration.
range ordering appeared in the monolayers during the
glass transition by calculating the static angular correla-
tion functiong2(r) (see Supplementary Information, Fig.
S2).
After binning the data in Fig. 3a, we obtained the
probability distribution of local orientational configura-
tion, P (∆θ). The distribution shows a clear increase of
the probability of the parallel and perpendicular con-
figurations and an obvious decrease of the intermedi-
ate configurations as as φ increases (Fig.4(a)). The
fluctuations in the local orientational configurations are
expected to follow a Boltzmann distribution[35], with
P (∆θ) ∝ exp − [V (∆θ)/kBT ], where V (∆θ) is the ef-
fective potential energy of the local configuration ∆θ,
kB is the Boltzmann constant and T is the temperature.
V (∆θ) estimated from -lnP (V (∆θ)) is shown in Fig.4(b).
A decreased effective potential energy for the parallel and
perpendicular configurations and an increased potential
energy for the intermediate configurations are observed.
This demonstrates that the parallel and perpendicular
configurations become energetically favorable with in-
creasing φ, indicating metastable states of the parallel
and perpendicular configurations, while the intermediate
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FIG. 4. (color online) Free energy barrier in orientational
configurations. (a) The probability of ∆θ at different φ. (b)
Potential energy V (∆θ) of the orientational configuration at
different φ. V (∆θ) was estimated from -lnP (V (∆θ)). The rel-
ative arrangements of rods at three relative angles are shown.
configurations become local free energy maxima. With
increasing φ, the free energy barrier becomes more pro-
nounced, as shown in Fig. 5. The barrier increases
sharply at the orientational glass transition, indicated by
the left vertical dashed line. The barrier seems to level
off in the orientational and translational glass regimes. It
is worth pointing out that this effective potential energy
is the effective Gibbs free energy as it contains both di-
rect inter-particle interaction and entropy. Such analysis
was first used in uncovering the Peierls barrier in edge
dislocation motion [35].
Clearly, it is due to the emergence of this free en-
ergy barrier that inhibits the rotational motion of the
rods. In contrast, such barrier effect is weak for the
translational motions, since particles can glide pass each
other. Altogether these observations of P (∆θ) and
V (∆θ) strongly suggest that the local configurations due
to shape anisotropy give rise to a more pronounced dy-
namical arrest in orientational degrees of freedom than
in translational degrees of freedom. This is further con-
firmed by quantifying the particle local orientational pa-
rameter and calculating its correlation with the particle
dynamics (see Supplementary Information, Fig. S3). We
conclude that the locally favorable configurations have
a stronger correlation with orientational motions than
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FIG. 5. (color online) With increasing packing density, φ,
the activation barrier, V , first increases sharply but seems to
level off in the orientational glass regime. The vertical lines
indicate the two glass transition points: φθg = 0.78 ± 0.01
for rotational motion and φTg = 0.82 ± 0.01 for translational
motion.
with translational motions, thereby inducing the two-
step glass transition.
Previous work have shown that for colloidal ellipsoids,
a decrease of the aspect ratio p of the ellipsoidal par-
ticles significantly decrease the shape anisotropy of the
particles resulting in a merging of the two glass transi-
tions at p < 2.5. However, for colloidal rods, the par-
ticles will keep their cylindrical shape with decreasing
p. Therefore, one expects to observe the two-step glass
transition for shorter rods with p < 2.5. Indeed the two-
step glass transition is observed for the rods with p = 1.5
in current work, and also confirmed for the rods with
p = 2.3 (see Supplementary Information, Fig. S4). With
increasing p, one expects a formation of nematic phase
rather than glass in 2D rods due to the avoidance of lo-
cal splay structures that inevitably occur in 2D ellipsoids
[18]. Computer simulations have indicated that rods form
a nematic phase when p > 4.7 in 3D and p > 8 in 2D
[36, 37]. However, it is still challenging to preform col-
loidal experiments on such long rods [38, 39], especially
in 2D.
In conclusion, our experiment reveals that for 2D col-
loidal suspension of rods, there is no formation of pseudo-
nematic domains. Instead, there exists locally favorable
configurations due to shape anisotropy. The free energy
barrier between these configurations is measured for the
first time. This barrier becomes more pronounced with
increasing concentration. We propose that this energy
barrier, which inhibits particle rotation, is the mechanism
of a two-step glass transition in colloidal rod suspension.
We suggest that a similar mechanism may also be respon-
sible for the glass transition in the ellipsoidal systems,
where the pseudo-nematic domain may be interpreted as
another type of locally favorable configurations that im-
pede orientational dynamics. In addition the two-step
glass transition would also be observable in systems of
other anisotropic particles when any local favorable con-
figurations exist. The observed structural origin due to
shape anisotropy of the two-step glass transition is antic-
ipated to guide further development of a general picture
of the glass transition for anisotropic particles.
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